ABSTRACT: Cement-treated soil is widely used as highway base, subbase, and roadbed material because there is a widespread source, and it has low cost and high compression strength. However, there are cases where an area using the cement-treated soil may be affected by corrosive ions, such as sulfate ion (SO 2À 4 ), chloride ion (Cl À ), magnesium ion (Mg 2þ ), etc., because of industrial-activity-induced ground contamination, as well as seawater intrusion. In this paper, the effect of magnesium sulfate (MgSO 4 ) on the unconfined compression strength (q u ) of cement-treated soil has been investigated experimentally under two conditions: (a) the sample is steeped in MgSO 4 solution, and (b) MgSO 4 is added into the sample. The main control parameters in this research include cement content (10 %, 15 %, 20 %, and 25 %), concentration of MgSO 4 (0.01 mol/l, 0.05 mol/l, and 0.1 mol/l) and curing time (7 days, 14 days, and 28 days). The test results show that the effect of MgSO 4 on the q u value is greater when the sample was steeped in MgSO 4 solution than by adding MgSO 4 into the sample. When the sample was steeped into MgSO 4 solution with a concentration of 0.05 mol/l, the q u value was increased, and further increased the concentration-reduced q u value. Also, the test results indicate that q u increased with the increase of cement content. The variation tendencies of the q u value with curing time are different for two different testing conditions.
Introduction
The treatment of local soils with cement and other special additives for the construction of pavement bases shows such advantages as excellent engineering properties, convenient construction, economy, and environmental protection. In particular, under the circumstances of poor soil and lack of stone, application of cemented soil can avoid the extensive use of materials from elsewhere, and save a lot of space that is used to stack waste soils. However, many areas crossed by a highway are affected by industry and agriculture, domestic sewage, and seawater. Thus, the soil usually contains corrosive ions, or is steeped in the groundwater environment, which has corrosive ions, such as SO 2À 4 , Cl À , Mg 2þ , and so on. Sulfate in the soil or in the groundwater corrodes cemented-soil base material, which results in the cemented-soil roadbed bursting and having base cracks, and further leads to the uneven settlement of the pavement and other dangers, severely threatening the safety and comfort of driving.
Significant efforts have been made to use cemented soils as pavement base, subbase, and subgrade materials in highway constructions. Aiban et al. [1] carried out a comprehensive laboratory program to assess the performance of cement-stabilized marl mixtures under different exposure conditions. Results of the laboratory and field tests indicated that the cement-treated road sections had exhibited superior performance over the untreated ones, and the stabilized sections were still in an excellent condition after more than four years of service [1] . Lim and Zollinger [2] performed an experimental study on the development of strength and modulus of elasticity of cement-treated aggregate base materials with time. Experimental results indicated that the relationship between the compressive strength and elastic modulus of cementtreated aggregate base materials could be expressed in a single equation regardless of aggregate type and mixture proportions [2] . Arora and Aydilek [3] conducted a battery of tests, including unconfined compression, CA bearing ratio, and resilient modulus tests to investigate the use of Class F fly ash amended soil-cement or soil-lime as base layers in highways. Results of the research showed that strength of a mixture was highly dependent on the curing period, compressive energy, cement content, and water content, and a power function used for granular soils could accurately model the resilient modulus [3] . Piratheepan et al. [4, 5] performed a series of tests to investigate the characteristics of a freshly quarried granular base material lightly stabilized with slaglime cementitious binder involving unconfined compression testing and indirect diametrical tensile testing [4, 5] . Yoon and Abu-Farsakh [6] investigated effects of the main controlling factors including the dry density, moisture content, water to cement ratio, initial void ratio, and cement content on the strength of cement-sand used as base material on the basis of laboratory compaction tests and unconfined compression tests [6] . Chakkrit et al. [7] conducted laboratory and field tests to investigate engineering performance of road subgrade soils stabilized with a combined lime and cement stabilizer [7] . Joel and Agbede [8] added sand as a modifier to a reddish-brown lateritic soil to improve the physical and strength properties of the cement-stabilized laterite mixture used as flexible pavement material, and the results of the study showed that sand enhanced the effective stabilization of Ikpayongo laterite with cement within the maximum cement content [8] .
For corrosion effect of sulfate on cemented-soil base materials, to offer theory basis and practice guidance for highway or other road base constructions, it is necessary to understand the influence of sulfate on mechanical property of cement consolidation sulfatepolluted soil and cemented soil steeped in sulfate environment, and to understand the corrosion mechanism of sulfate on cemented soil. However, literature in this aspect is not enough. Huang [9] considered that the groundwater that cemented soil stayed in might be corroded by seawater, groundwater, or solution of sodium sulfate, combining the engineering case of soft soil deep mixing piles in Shenzhen-Hong Kong west corridor. By simulating the corrosion environment, he concluded the regularity between content of slag, fly ash, and corrosion resistance of cemented soil, and that corrosion resistance of cemented soil is the highest when the mass of slag and fly ash reaches 40 %-60 % of the curing agent [9] . Si [10] performed a series of laboratory tests to investigate the influence of different stabilizers on mechanical properties of the stabilized sulfate-bearing soil used as subgrade layer. The results showed that a combination of lime and fly ash Class F was the most suitable stabilizer for a high-sulfatebearing soil, and a combination of lime and slag seemed to be the most effective stabilizer for a moderate-sulfate-bearing soil [10] . Dallas et al. [11] described the mechanism of ettringite and thaumasite mineral growth in soils treated with calcium-based stabilizers, and assessed the threshold levels of soluble sulfates that could trigger ettringite mineral growth, which was capable of causing disruption in pavement layers [11] . Gao [12] et al. carried out some laboratory experiments on the dry-shrinkage property of the semi-rigid base materials of lime soil, cemented soil, and lime-fly ash with sulfate. Results of the research indicated that sodium sulfate crystals were precipitated from the pore solution because of water evaporation caused by drying, and the expansion of the crystallization offset the dehydration shrinkage in the semi-rigid base materials. The optimum sodium sulfate content for each material was recommended [12] . The authors usually study the influence of sulfate on mechanical property, drying shrinkage property, and surface deformation of cemented soil used in road construction. There is less literature about quantitative studies on effect of sulfate on property of cemented soil used in road construction.
As sulfate environment usually contains SO 
Test Programs
There are generally two conditions in which cemented-soil base material is polluted by MgSO 4 . One is that foundation soil is polluted by MgSO 4 and generates a series of physicochemical changes after stirring with cement, which leads to base expansion damage or chemical property change; the other is that cemented-soil base is influenced by groundwater containing MgSO 4 , and leads to base chemical property change or expansion damage. So, to compare and analyze the chemical property change of cemented soil in different corrosion environments, this research simulates two kinds of cemented-soil test projects. One is that steeping the cemented soil produced by non-pollution soil, which was steeped in the MgSO 4 environment; the other is the cemented soil produced by polluted soil with MgSO 4 . Through numerous unconfined compression tests, set up the relationship between cemented-soil strength and cement content, MgSO 4 concentration, and age, and then explore the corrosion mechanism of sulfate on cemented soil.
Materials
Soil-Soil used to make cemented-soil block is silty clay from a new-excavated foundation in Chaoyang District in Beijing. The physical properties are shown in Table 1 . Dry the soil and measure the water content, which turns out to be rather low. For convenient calculation, regard the air-dried soil water content as zero. The main mineral composition of silty clay in the test is shown in Table 2 .
Cement-Cement material adopts ordinary Portland cement 325#, and the strength is 32.5. Setting time of the cement is: initial setting time is !45 min, and final setting time is 300 min. The concrete composition of cement is shown in Table 3 .
Water used in the tests for cemented-soil blocks is ordinary tap water. Use MgSO 4 medicine in the lab to simulate the corrosive environment of SO 
Preparation of Samples
This test needs to make soil samples with 40 % water content. And the cement content of the cemented-soil blocks is respectively 10 %, 15 %, 20 %, and 25 %. To ensure that the measured 
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data is trustworthy and conforms to reality, three blocks are made under each circumstance. Calculation method of water content and cement content follows Eq 1 and Eq 2:
where: w: water content, %, a w : cement content, %, M c : mass of cement in the block, kg, M w : mass of water in the block, kg, and M s : mass of dry soil in the block, kg.
Steeped Cemented Soil-Put the measured dry soil, water, and cement in the stirring machine and stir evenly. Then, put it in a standard mould of 70.7 Â 70.7 Â 70.7 mm 3 twice. Compact and tap it until it overflows, and smooth the edge. Paste a layer of plastic film on top of the mould to prevent water loss of the block, as well as to avoid reaction after the contract with carbon dioxide (CO 2 ) in the air. Paste the labels for division. Detach the mold after 24-h curing. Choose the well-shaped, smooth-surface, non-pore and non-obvious-crack blocks and paste the labels. Steep them in the solution of MgSO 4 that is prepared previously, and the top surface of the block should be about 2 cm away from the solution face. Adjust the temperature to 20 C and cure them to a corresponding age.
Cemented Polluted Soil-Make solution of MgSO 4 of different concentration. Then, weigh dry soil for proper weight and put it in the solution. Stir it fully and pressurize it. Let it stand for 7 days and water content of the mixed polluted soil is 40 %. Put the polluted soil, cement, water in the stirring machine in proportion and stir it evenly, put it in the standard mould of 70.7 Â 70.7 Â 70.7 mm 3 two or three times. Compact and tap it until it overflows, and smooth the edge. Paste a layer of plastic film on top of the mould to prevent water loss of the block, as well as to avoid reaction after the contract with CO 2 in the air. Paste the labels for division. Detach the mold after 24-h curing. Choose the well-shaped, smooth-surface, non-pore, and nonobvious-crack blocks and paste the labels. Put them in the standard curing box and adjust the temperature to 20 C, relative humidity to 90 %, and cure them to a corresponding age.
In this study, 108 cemented-soil blocks steeped in the MgSO 4 solution are made, as well as 108 cement-stabilized MgSO 4 -bearing soil blocks.
Unconfined Compression Tests
For cemented polluted-soil blocks, unconfined compression tests can be done when they are cured to a proper age; as to steeped cemented-soil blocks, they should be taken out of the solution and aired for 1-2 h. When there are no water drops on the surface, unconfined compression tests can be done. This study adopts RGT 11-100 microcomputer controlled electric universal testing machine, and the precision grade is grade1. Figure 1 shows the unconfined compression test of cemented-soil blocks.
Unconfined compression strength is the basic mechanic property of cemented soil, and is easy to measure. It is the index to reflect the material quality, and the size of strength directly influences the quality and safety of the project. Moreover, the unconfined compression strength is one of the most common and important parameters in cemented-soil base design and construction, as well as a main basis to measure the cemented-soil strength. The calculation equation of unconfined compression strength q u of cemented soil is as follows,
where: q u : the unconfined compression strength of cemented-soil blocks, MPa, F: the destroying load, N, and A: the compression area of cemented-soil blocks, mm 2 .
Results and Discussion

Apparent Characteristics of Cemented Soil Under MgSO 4 Environment
Steeped Cemented Soil-Cemented-soil blocks are visibly corroded by MgSO 4 solution. As is shown in Fig. 2 , at the age of 7 days, blocks steeped in MgSO 4 solution of 0.1 mol/l show obvious apparent changes. Blocks with 10 % and 15 % cement content take on edge damage and khaki. And the cement blocks soften slightly. Blocks with 20 % and 25 % cement content keep off-white as before, and occasionally show space in appearance. For the time being, the volume change of the block is between 1 % and 2 %. The bigger concentration of MgSO 4 is, the more severe the apparent denudation is. At the age of 28 days, blocks with 10 % cement content are corroded all over in appearance, and take on khaki color, and are almost cluttered up with soil particles. Inner space and few cracks can be seen clearly, part of blocks comes off, and passivation appears on the edge. The volume loss rate reaches 12 % to 21 %. The whole feels soft, inner structure becomes incompact, and the strength is low. With the increase of ages, loss of volume and mass increases. Figure 3 shows the contrast image of block appearance at the age of 7 days and 28 days. With the increase of cement content, the corrosion condition of the block appearance obviously slows down. The volume remains the same when the cement content is 25 %, and only the edge takes on damaged and slightly smooth and evasive.
Cemented Polluted Soil-When cemented polluted soil blocks are cured to corresponding age, the apparent color shows no obvious change, and there is no denudation in appearance. Figure 4 shows the appearance of cemented polluted soil at the age of 7 days.
Influence of Cement Content on Cemented Soil Under MgSO 4 Environment
As is shown in Figs. 5 and 6, when MgSO 4 concentration reaches 0.01 mol/l, strength of steeped cemented-soil blocks and cemented polluted soil blocks increases with increase of cement content.
For steeped cemented-soil blocks, strength increase rate reduces with increase of cement content. Strength can increase by 60 % when cement content is between 10 % and 15 %, and it can increase by 38 % when cement content is between 15 % and 20 %, and it can increase by 23 % when cement content is between 20 % and 25 %. It illustrates that when cement content is lower, proper increase of cement content can largely improve cement strength; when cement content is higher, cement strength improves little with increase of cement content. At the age of 28 days, cement strength with 25 % cement content is about 3.4 times that with 10 % cement content.
For cemented polluted soil blocks, strength growth rate increases first and then reduces with the increase of cement content. Strength can increase by 23 % when cement content is between 10 % and 15 %, and it can increase by 34 % when cement content is between 15 % and 20 %, and it can increase by 21 % when cement content is between 20 % and 25 %. At the age of 28 days, cemented-soil strength with 25 % cement content is 2.4 times that with 10 % cement content.
It shows that for steeped cemented-soil blocks and cemented polluted blocks, 20 % cement content is most suitable. When cement content is lower, proper increase of cement content can largely improve cemented-soil strength; when cement content is higher, cement increase hardly improves cemented-soil strength. In summary, increase of cement content can reduce the influence of MgSO 4 environment on mechanical property of cemented soil, but cannot eliminate the influence.
Influence of Age on Cemented-Soil Strength Under MgSO 4 Environment
Seen from Figs. 7 and 8, change regularity of unconfined compression strength with age of steeped cemented soil and cemented polluted soil is totally different. As is shown in Fig. 7 , when MgSO 4 concentration is 0.05 mol/l, change regularity of strength of steeped cemented-soil blocks with different cement content with age is inconsistent, namely, increase first and then reduce; change regularity of strength of cemented polluted soil blocks with different cement content with age is consistent, namely, increase gradually.
For steeped cemented soil, strength grows fast at the initial curing time, and begins to reduce after 14 days. During the age of 7 days and 14 days, the higher the cement content is, the larger the strength growth rate is, and the more greatly strength increases. Growth rate of cemented soil with 10 % cement content is 0.22 MPa/day, and increases by about 102 %; growth rate of cemented soil with 20 % cement content is 0.44 MPa/day, and increases by about 91 %. During the age of 7 days and 14 days, cemented-soil strength begins to reduce. The smaller cement content is, the more severly the strength reduces; cemented-soil strength reduces by about 10 % with 20 % cement content, and it reduces by 65 % with 10 % cement content, and strength of 28 days is lower than that of 7 days.
For cemented polluted soil, during the age of 7 days and 14 days, strength basically increases linearly with age; the lower the cement content is, the smaller the strength growth rate is. Cemented-soil strength growth rate increases by about 0.16 MPa/ day with 20 % cement content. For cemented soil with 10 % cement content, strength growth rate during the age of 7 days and 14 days is 0.09 MPa/day; strength growth rate during the age of 14 days and 28 days is 0.03 MPa/day.
As is shown in Fig. 8 , when cement content is 25 %, change regularity with age of strength of steeped cemented-soil blocks under different MgSO 4 concentration is consistent, namely, increases first and then reduces, change regularity with age of unconfined compression strength of cemented polluted soil blocks under different MgSO 4 concentration is also consistent, namely, increases gradually.
For steeped cemented soil, cemented-soil strength increase fast for initial curing time, and begins to reduce after 14 days. During the age of 7 days and 14 days, strength growth rate of cemented soil for MgSO 4 with different concentration is almost the same, and it is about 0.5 MPa/day. During the age of 7 days and 14 days, cemented-soil strength begins to reduce, and the higher MgSO 4 concentration is, the more severely strength reduces; cemented-soil strength for MgSO 4 concentration of 0.05 mol/l reduces by about 23 %, and it reduces by about 18 % for MgSO 4 concentration of 0.01 mol/l.
For cemented polluted soil, during the age of 7 days and 28 days, cemented-soil strength basically increases linearly with age. Growth rate of cemented soil with MgSO 4 concentration of 0.05 mol/l is higher than that of 0.01 mol/l. 
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The relation curve for natural logarithm of cemented polluted soil strength and age is basically line, and fitting degree is relatively high, as is seen in Table 4 . The relation curve of strength and age through vast test data fitting has the function of forecasting the strength of cemented polluted soil.
Influence of MgSO 4 Concentration on Cemented-Soil Strength
Seen from Figs. 9 and 10, change regularity of unconfined compression strength for steeped cemented soil and cemented polluted soil with age is basically consistent, namely, with the increase of MgSO 4 concentration, strength of cemented soil grows first and then reduces, and is the highest when MgSO 4 concentration is 0.05 mol/l.
As is shown in Fig. 9 , with cement content of 20 %, change regularity of strength of steeped cemented soil and cemented polluted soil of different ages with MgSO 4 concentration is basically consistent. For steeped cemented soil, when curing age is relatively short (such as 7 days), outer environment (MgSO 4 ) hardly affects strength of cemented soil; with the increase of age, MgSO 4 concentration significantly affects cemented-soil strength. For the age of 28 days, when MgSO 4 concentration is 0.01 mol/l to 0.05 mol/l, increase of MgSO 4 concentration is beneficial to increase of cemented-soil strength, and in this stage, strength of cemented soil increases by about 18.6 %; when MgSO 4 concentration is 0.05 mol/l to 0.1 mol/l, increase of MgSO 4 concentration makes the cemented-soil strength reduce constantly, and in this stage, cemented-soil strength reduces by about 22.1 %, and strength attenuation rate is higher than that of concentration of 0.01 mol/l to 0.05 mol/l. For cemented polluted soil, under different ages (such as 7 days and 28 days), change regularity of cemented-soil strength with concentration is consistent, namely increase first and then reduces. When MgSO 4 concentration is 0.01 mol/L to 0.05 mol/L, strength growth rate of 7 days and 28 days is close, and cemented-soil strength increases by 83 % for age 7 days, 28 % for age 28 days. When MgSO 4 concentration is 0.05 mol/L to 0.1 mol/L, strength attenuation rate for age 7 days is lower than that of 28 days. Cemented-soil strength reduces by about 12 % for age 7 days, and by 16 % for age 28 days.
As in shown in Fig. 10 , for steeped cemented soil of age 7 days, when cement content is lower (such as 10 %), cementedsoil strength reduces with increase of MgSO 4 concentration; when cement content grows, cemented-soil strength grows first and then reduces. For MgSO 4 concentration of 0.01 mol/l to 0.05 mol/l, strength increases by about 41.6 %; for MgSO 4 concentration of 0.05 mol/l to 0.1 mol/l, strength reduces by about 43.4 %, and strength attenuation rate in this stage is higher than that of 0.01 mol/l to 0.05 mol/l. For cemented polluted soil of age 7 days, change regularity of cemented-soil strength for different cement content with MgSO 4 concentration change is almost consistent, namely, increases first and then reduces, and it is the highest when the concentration is 0.05 mol/l. Strength growth rate is higher than O is crystallized in cemented-soil poles, the volume expands, which further leads to swelling stress; CaSO 4 Á2H 2 O then reacts with hydrated calcium aluminate to produce ettringite, and ettringite is needle-like crystals, turning part of free water into crystal water. The corresponding volume is much larger than that of hydrated calcium aluminate before, which results in the expansion of cemented-soil volume, and the generation of swelling stress. As there are vast holes in the cementedsoil blocks, soil mass has high condensability. So when MgSO 4 concentration is lower, swelling stress produced by ettringite benefits soil consolidation and granulation, and thus the improvement of cemented-soil strength. That is the reason of cemented-soil strength increases when concentration of SO 2À is 0.05 mol/L. However, with increase of concentration of SO 2À 4 , production of ettringite grows as well, and produces partial swelling stress, making cemented-soil structure burst and reducing cemented-soil strength. Denudation occurs outside the cemented soil (see Figs. 2 and 3 Influence of MgSO 4 on Steeped Cemented Soil and Cemented Polluted Soil-For steeped cemented soil, when cement content is lower, content of inner hydrated products reduces, consolidation and adhesion level among the particles is relatively low, and degree of density is bad. Corrosion ions (SO 2À 4 and Mg 2þ ) can easily intrude into the inner comment soil and destroy the structure, leading to intensity attenuation. As a whole, SO 2À 4 and Mg 2þ corrode the cemented soil from outside to inside, and destroy the integrity, density and adhesion. Therefore, corrosive environment should be fully considered when using cemented soil under MgSO 4 environment.
For cemented polluted soil, despite there is double erosion of MgSO 4 on cemented soil, unconfined compression strength loss of cemented polluted soil in this test is relatively small, which merely occurs when cement content is low. Yet when cement content is more than 20 %, there is scarcely any corrosive influence. The reason is that although there are corrosive ions in cemented polluted soil, free water in the block is limited and circulation of ions is restricted.
Conclusions
As now many highways are affected by industry and agriculture, domestic sewage and seawater, the soil usually contains corrosive ion, or the soil is steeped in the groundwater environment which has corrosive ion, such as SO 2À 4 , Cl À , Mg 2þ , and so on. In this paper, considering that cemented-soil base materials are influenced by such environments, influence of cement content, MgSO 4 concentration and age on unconfined compression properties of the steeped cemented soil and cemented polluted soil is studied. And results are shown below:
(1) Severe denudation occurs on cemented-soil blocks steeped in MgSO 4 solution in appearance, and there are poles and cracks inside with increase of age. Part of the blocks comes off and passivation on the edge is serious. When MgSO 4 concentration is higher or cement content is lower, outside denudation of cemented soil is more severe. However, cement stabilized MgSO 4 -bearing soil blocks do not change too much in apparent color, and there is no obvious denudation in appearance. cemented-soil blocks steeped in MgSO 4 solution and cement stabilized MgSO 4 -bearing soil blocks with age is completely different. The former strength reaches peak value at the age of 14 days and then begins to reduce; whereas the latter increases with the increase of age. Relation curve for strength and age is fitted to predict strength of cemented soil. (4) Change regularity of unconfined compression strength for cemented-soil blocks steeped in MgSO 4 solution and cement stabilized MgSO 4 -bearing soil blocks with MgSO 4 concentration change is consistent, namely, the cementedsoil strength increases first and then reduces with the increase of MgSO 4 concentration, and reaches the highest when MgSO 4 concentration is 0.05 mol/l.
